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ABSTRACT
The spectral sensitivity of a CCD camera is a prominent electro-optical characteristic for color image formation. In this
paper, spectral esthnation of color CCD cameras generally involves the assessment of overall spectral sensitivities, which
are composed of those of optics, filters, and CCD sensors. To this end, we develop an automatic testing/measurement
system with an optical platform. And, the spectral characterization of a CCD camera imaging process is presented in the
approach ofvector representation for the estimation problem. This technique examines the modulated incident colored lights,
which are regarded as a set of color stimuli candidates, to be the effective color sthnuli, such that they can be successfully
applied to generic estimation algorithms. To show the feasibility of this work, a realization of a basic set of color stimuli
candidates is generated in the numerical and graphical forms. In our approach the use of a spectrophotometer is needed only
for the system calibration. It would be pleasing that this technique will practically simplify the complexity of the spectral
estimation problem of CCD cameras.
Keywords: Spectral characterization , Spectral estimation
1. INTRODUCTION
For color image formation, in general, the color perception of a CCD-camera imaging system is considerably influenced
by the level of optical luminous transfer and the system spectral sensitivities defined over the range of visible wavelengths
of light, from 380nm (blue) to 780nm (red). Specifically, estimating the overall spectral sensitivities of a CCD camera has
often played an important role for analyzing or predicting the performance of its image reproduction in the colorimetric
sense. In other words, the estimation approach can convey information about further improving the performance for color
reproduction. However, little work toward this development has been done for many years.
In this paper, we present an effective technique for the spectral estimation of a color CCD camera imaging system with
.
additive noises. The spectral characterization is described for the estimation problem. To obtain the effective color stimuli,
we develop an automatic testing/measurement system, and devise an optical platform to produce modulated incident colored
lights and to shield these lights being measured or tested from the ambient light
Usually, we assume that the image display uncertainty of this CRT display is acceptable for achieving the desired overall
system performances, such as repeatability, accuracy, etc. And the spatial non-uniformity of the CCD camera imaging may
be negligible. Based on the relationship of the spectral sensitivities of optics, color filters, and a CCD sensor, the imaging
process is expressed in the vector representation for spectral characterization. For system calibrations, the spectral data of
the modulated incident colored lights can be automatically measured by a spectrophotometer at a given wavelength
resolution. Hence, the spectral radiant data of all modulated incident lights are given and easily obtained. To show the
feasibility of this approach, a realization of a basic set of color stimuli candidates is generated in the numerical and
graphical forms.
2. SPECTRAL CHARACTERIZATION AND ESTIMATION
There are several approaches in vector representations for spectrally characterizing a two-dimensional imaging process
[1] -[2]. In general, let C(2, x, y, t) represent the spatial energy distribution of an image source of radiant energy at spatial
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az;L+fi
f(z) = azj + j9 ,Z, < z
UZax+P ,z;k>zax
andzO,fork=1,2,3,aiidj=1,2 . N, (3)
where z;rth and z are the critical points to detennine whether the values off(z') are clipped or not; and, the imaging
parametersa and/i are real. The f(z) for k=1, 2, 3, and 1 = 1, 2 N , are usually clipped or saturated while the incident
lights entering into the CCD camera are oflow light level or of high intensity level. Besides, we will show that this function
performs like a filter to screen the color stimuli candidates to be a set of effective color stimuli for spectral estimation.
In Equation (3), we can see that, except for 4' < z and 4' > z , f(z) is an afline transform which is defined on
z  z7k  4 . And, the maximal and minimal values are max(f(4' ))
_ az + /3 and min(f(z)) =c4 + /3,
respectively. Similarly, let 4' (x, y) =f ij (A)Sk (2, x, y)d2 , we can express the term in Equation (2) as
f(fCi(2)Sk (2, x, y)d2) = af'Ci(2)Sk(2,x, y)d2 + /1 for z (x, y)  f Ci()Sk (' X y)d  z (x, y),
f(fCi()t)Sk(.Z. x,y)d2)= a z(x,y) +,8 for z(x,y) < z(x,y),
and f(f° Cj(A)Sk (' X y)d2) = a z (x, y) + /1 for z (x, y) > z (x, y) (4)
where z (x, y) and z (x,y) are the critical points to determine whether the values off(z (x, y)) are clipped or not.
Substituting Equation (4) into (2), we have, for z (x, y)  f C, (A)Sk R x,y)d2  z (x, y),
1
u(xyT.)2L*2L 1 7x Yx y
=afCi(A)2L *2L n"(x,y,I,) (5),
and {C1(A.), /=1,2 N, N N}= {c/c (2) (xy) /=1,2 N} (6)
In this approach, we call {C,(2), /1,2, ..., N} effective color stimuli. Obviously, the effective color stimuli are examined
from the color stimuli candidates by Equation (6), and they are a subset of these candidates.
To conveniently give the physical interpretation to Equation (5),
let =
2L *2L u7 (x, y, T,),
Sk(2) = 2L * (2,x, y),
2L*2L
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,and kLnk(xYT)
x Yx y
Equation (5) can be rewritten as
k
=af*()Sk(2)d +fi for 1=1,2, . .., NdkI, 2, 3 (7)
Without loss of generality, it is clearly reasonable that the
overall average spectral sensitivities, { Sk(2) , k=1, 2, 3}, of the
three color channels are supposed to have the samegain value, a , because their differences of spectral response reflect on
the individual function, Sk(A) for k=1, 2, 3. In thispaper, we suppose that the spatial non-uniformity of the CCD camera
imaging may be negligible. Therefore, the overallaverage spectral sensitivities {Sk (2) , /c=1, 2, 3 }, are considered to
represent the overall spectral sensitivities of a CCD camera in the spatialaverage sense.
Furthermore, let k and 2 380nm to 780nm in the visible range, Equation (7) can be expressed as
e78Onm_k aJ C1 (A.)Sk(2)dA for 1=1,2 Nand k=1, 2, 3 (8),380nm
To form the vector representation Equation (7) can be firstdiscretized as
k a(C)T +ff1 , for1=1,2 N (9),
where Sk and C are P x 1 colunm vectors of quadrature samples of Sk(2) and C*(2) , A. = 380nm to 780nm with
equal increment of step size A and the number of wave1engt
resolution, P. Then, the set ofN observations corresponding
to the effective color stimuli can be arranged in the Nxl vectors
Uk=a*k+ii, fork=1,2,3 (10),
where the vector (C*)T occupies the i-th row of the matrix and jIk is the additive noise vector of the k-th color channel
from N observations.
So far, we have generally presented the spectral characterizationfor the CCD camera imaging in Equation (10). And, we
can see that Equation (10) is a linear model with additive noises if the incident lights are the effective color stimuli for the
spectral characterization of a CCD camera. For spectral estimation of the linear
model, it is obvious that if the number of
linear independence of the effective color stimuli { for 1=1,2, .
. ., N} is larger than the number of wavelength resolution,
p then the system of Equation (10) is normally determined. In this paper, we propose an automatic testing /measurement
system to generate the effective color stimuli with the sufficient number oflinearindependence.
For spectral estimation of this linear model in Equation (10), several commonly used algorithms can be directly applied to
estimate the vectors { Sk for k='l, 2, 3). An estimate Sk of Sk for k=1, 2, 3, can be obtained by the least mean-square
method [1J,
Sk (*)T(*(*)Ty1Uk ,for k=I,2,3 (11).
Or, for the Wiener estimation method [1J, the Wiener estimate isgiven by
Sk for/c=1,2,3 (12),
where K is the covariance matrix of Sk and K,, is the covariance matrix of additive observatjonaj noise assumed
independent of Sk . Therefore we have described the approach of spectral characterization and estimation for CCD
cameras.
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3. AUTOMATIC TESTING/MEASUREMENT SYSTEM
As mentioned above, generating the effective color stimuli with the sufficient number of linear independence, in the
spectral sense, is very important for estimating the overall spectral sensitivity of CCD camera. To do this, we develop an
automatic testinWmeasurement system, and devise an optical platform to produce modulated incident colored lights and to
shield these lights being measured or tested from the ambient light The optical platform is equipped with two kinds of light
sources, an advanced CRT display and a Tungsten Halogen Lamp, and with a rotary set of absorption color filters. Figure 1
shows a conceptual diagram of the automatic testing and measurement system with the optical platform. In Figurel an
advanced CRT display is used as the first light source, and we design a nearly uniform Tungsten Halogen light source as the
second one. The reason why we adopt the two kinds of light sources is to produce the incident lights involving the whole
visible spectrum to fully excite the spectral characteristics of a CCD camera. The spectral radiant distributions of both light
sources with various levels of excitation are illustrated in Figures 2 and 3, respectively. Tables 1-1 and 12 indicate their
corresponding integrated values of spectral radiance and CIE colorimetric coordinates, (x,y,Y), at 2 degree (viewing angle).
Lights from both light sources going through each absorption filter of the rotary set can be modulated as the color
stimulus candidates incident into a CCD camera. The idea behind this approach is to genemte the effective color stimuli
with the sufficient number of linear independence in the spectral sense. For example, Figure 4 shows the spectral radiant
distributions oflights from the Tungsten Halogen lamp and the CRT phosphors R, G, and B with various levels of excitation.
There are four basic linear independent color stimuli candidates, that is, four kinds of radiant functions with different
distributions in Figure 4. To be the effective color stimuli with linear independence, these color stimuli candidates with
various levels of excitation must be examined by Equation (6) in Section 2. Tables 2-1 to 2-3 indicate the integrated values
of spectral radiance and the CIE colonmeiric coordinates, (x,y,Y), at 2 degree (viewing angle) for the spectral radiant
distributions in Figure 4.
Concerning spectral estimation. the automatic testing/measurement system with the optical platform serves the following
four major functions. First, by means of computer-controlled technique, the rotary set of absorption filters is programmed to
generate the modulated incident colored lights emitting from a CRT display and a Tungsten Halogen Lamp at various levels
ofexcitation. Second, the process of the CCD camera imaging can be consecutively performed to receive and collect the set
of device-color data in response to the modulated incident lights from the CRT display and from the Tungsten Halogen
Lamp. Third, these incident lights, which may be regarded as color stimuli candidates, are processed to be the effective
color stimuli for spectral estimation. And, fourth, based on the above experimental results, the overall spectral sensitivities
can be assessed by applying generic estimation algorithms, such as the least mean-square algorithm, the Wiener estimation
methods, etc. In this approach, if the number of linear independence of the effective color stimuli is larger than the number
of wavelength resolution, in the spectral sense, then the spectral estimation of a CCD camera can be successfully performed
by this automatic testing/measurement system. A CCI) camera with poor electro-optical performance is usually not
qualified for spectral estimation at the given wavelength resolution.
4. CONCLUSIONS
In this paper, the spectral characterization of a CCD camera imaging process is presented in the approach of vector
representation for the estimation problem. We develop an automatic testing/measurement system, and devise an optical
platform to produce modulated incident colored lights and to shield these lights being measured or tested from the ambient
light. And, this technique examines the modulated incident colored lights, which are regarded as a set of color stimuli
candidates, to be the effective color stimuli, such that they can be successfully applied to generic estimation algorithms. We
can see that if the number of linear independence of the effective color stimuli is larger than the number of wavelength
resolution. then the spectral estimation of a CCD camera can be successfully performed by this automatic
testing/measurement system. Color CCD cameras with poor electro-optical performance are usually not qualified for
85
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spectral estimation at the given wavelength resolution. A realization of a basic set of color stimuli candithtes is geaerated in
the numerical and graphical forms to show the feasibility of this work.
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Figure 2 Spectral radiant distributions from the Advanced CRT Display
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Figure 3 Spectral radiant distributions from the Tungsten Halogen Lamp
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Table 1 - 1 Color stimuli candidates from the CRT Phosphors R, G and B
Spectral Radiance Y x y
8.96E-02 2.23E+O1 0.2837 0.3071
1.35E-01 3.34E+01 0.2824 0.3047
1.89E-01 4.62E+01 0.2816 0.3031
2.53E-01 6.18E+01 0.2813 0.3021
3.27E-01 7.94E+01 0.2815 0.3016
Table 1 -2 Color stimuli candidates from the Tungsten Halogen Lamp
Spectral Radiance Y x y
1.41E-01 9.45E+00 0.556 0.4031
1.76E-01 1.23E+01 0.5529 0.4043
2.20E-01 1.60E+01 0.5492 0.4053
2.55E-01 1.90E+01 0.5467 0.4062
2.98E-01 2.28E+01 0.544 0.4067
Unit (Spectral Radiance): W m-2 sr-I nm-l, Unit (Y): cd/m2
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Table 2-1 Color stimuli candidates from the CRT Phosphor B
Spectral Radiance Y x y
3.35E-02 2.41E+OO 0.1488 0.0717
5.16E-02 3.67E+00 0.1487 0.0713
7.29E-02 5.17E+00 0.1489 0.0714
9.87E-02 6.94E+00 0. 1492 0.0712
1.26E-01 8.80E+00 0.1492 0.0712
Table 2-2 Color stimuli candidates from the CRT Phosphor G
Spectral Radiance Y x y
3.11E-02 l.53E+01 0.2974 0.6039
4.67E-02 2.30E+01 0.2965 0.6037
6.48E-02 3.18E+01 0.2956 0.6035
8.65E-02 4.25E+01 0.2948 0.6037
1.1IE-01 5.46E+01 0.2939 0.6033
Table 2-3 Color stimuli candidates from the CRT Phosphor R
Spectral Radiance Y x y
2.38E-02 4.26E+00 0.6269 0.3408
3.54&02 6.33E+00 0.6278 0.34
4.92E-02 8.82E+00 0.6282 0.3409
6.61E-02 1.19E+01 0.6277 0.341
8.61E-02 1.54E+01 0.6262 0.3402
Unit (Spectral Radiance): W m2 sr' p',Unit (Y): cd/m2
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